Abstract: Giant gain enhancement effect of surface plasmon polaritons (SPPs) on terahertz (THz) stimulated emission in optically pumped monolayer graphene has been experimentally studied. We observed the spatial distribution of the THz probe pulse intensities under linear polarization of optical pump and THz probe pulses. It was clearly observed that an intense THz probe pulse was detected only at the area where the incoming TM mode THz probe pulse being capable of exciting the SPPs. The observed gain factor ~50 is in fair agreement with theoretical calculations.
Introduction
Graphene has attracted increasing attention for terahertz (THz) and optoelectronic device applications due to its exceptional electronic and optical properties [1] . Electrons and holes in graphene have a linear energy dispersion relation with zero bandgap, resulting in peculiar features such as the negative dynamic conductivity at THz frequencies under optical or electrical pumping [2] [3] [4] .
We observed stimulated emission of THz photons from fs-IR laser pumped monolayer graphene a few picoseconds after the pumping as photoexcited carriers were quasi-equilibrated and their populations were inverted at THz photon energies beyond the Dirac point [5] . The gain spectral profiles showed qualitative agreement with theory in terms of threshold behavior against the pumping intensity. However, obtained gain factor exceeds the theoretical limit given by the quantum conductance by more than one order of magnitude [6] . We consider the amplified stimulated plasmon emission by the excitation of surface plasmon polaritons (Fig. 1) [7] . Twodimensional plasmons in graphene exhibit unique optoelectronic properties and mediate extraordinary light matter interactions, which can be exploited for advanced THz active devices. In this work, we experimentally studied the excitation of surface plasmon polaritons (SPPs) and resultant gain enhancement effect in photoexcited monolayer graphene and observed the spatial distribution of the THz probe pulse intensities and its dependence on the polarizations of optical pump and THz probe pulses.
Experimental Setup
We conducted optical-pump, THz-probe and optical-prove measurement at room temperature for intrinsic monolayer graphene which was exfoliated from graphite and transferred onto a SiO 2 /Si substrate. The experiment is based on a time-resolved near-field reflective electrooptic sampling with fs-IR laser pulse for optical pumping and a synchronously generated THz pulse for probing the THz dynamics of the sample in a THz photon-echo manner. A 140-μm-thick CdTe crystal acting as a THz probe pulse emitter as well as an electrooptic sensor was placed on an exfoliated monolayer-graphene/SiO 2 /Si sample (Fig. 2) .
The CdTe can rectify the optical pump pulse to emit the envelope THz probe pulse. The emitted primary THz beam grows along the Cherenkov angle to be detected at the CdTe top surface as the primary pulse (marked with "①" in Fig. 2) , and then reflects being subject to the graphene sample. When the substrate of the sample is conductive, the THz probe pulse transmitting through graphene again reflects back to the CdTe top surface, which is electrooptically detected as a THz photon echo signal (marked with "②" in Fig. 2) . Therefore, the original temporal response consists of the first forward propagating THz pulsation (no interaction with graphene) followed by a photon echo signal (probing the graphene). The delay between these two pulses is given by the total roundtrip propagation time of the THz probe pulse through the CdTe. The measured waveforms and their corresponding gain spectra (Fig. 3) are well reproduced and showed similar pumping intensity dependence with the results shown in [5] .
Results and Discussion
We observe the spatial distribution of the THz probe pulse under the linearly-polarized optical-pump and THz probe-pulse conditions. To measure the in-plane spatial distributions of the THz probe pulse radiation, the optical probe pulse position (at the top surface of the CdTe crystal) was changed step by step by moving the incident point of the optical pump pulse. The pumping intensity I Ω was fixed at the maximum level. Observed field distributions for the primary pulse and the secondary pulse intensity are shown in Fig. 4 . The primary pulse field is situated along the circumference with diameter ~50 μm concentric to the center of optical pumping position. On the other hand, the secondary pulse (THz photon echo) field is concentrated only at the restricted spot area on and out of the concentric circumference with diameter ~150 μm where the incoming THz probe pulse takes a TM mode being capable of exciting the SPPs in graphene [7] . The observed field distribution reproduces the reasonable trajectory of the THz echo pulse propagation in the TM modes inside of the CdTe crystal as shown in Fig. 2 when we assume the Cherenkov angle of 30 deg. in CdTe and the SPP propagation ~10 μm. When the SPPs approach the edge boundary of the optically pumped area they could mediate the THz emission, which was detected as the secondary THz probe pulse. The observed gain enhancement factor ~50 is in fair agreement with theoretical calculations shown in Fig. 1. 
Conclusion
We measured the spatial distribution of the THz probe pulse intensities under linear polarization of optical pump and THz probe pulses. It was clearly observed that an intense THz probe pulse was detected only at the area where the incoming TM mode THz probe pulse being capable of exciting the SPPs. Experimental results support the occurrence of the gain enhancement effect by the excitation of SPPs on THz stimulated emission in optically pumped monolayer graphene. The primary pulse shows nonpolar distribution, whereas the secondary pulse shows a strong localization to the area in which the THz probe pulse is impinged to graphene surface in the TM modes.
